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Summary
   Some characteristics of cytochemically-demonstrated guanylyl cyclase activity in
rabbit foliate taste bud cells were studied. The enzymatic activity was exclusively localized
in the apical portion of the cells, which was supportive of the hypothesis that cyclic GMP
is involved in taste transduction. The enzymatic activity was observed mostly on the
plasma membrane and was only slightly enhanced by sodium azide, hydroxylamine or
sodium nitroprusside. Since these chemicals are thought to activate the soluble form of
guanylyl cyclase through the formation of nitric oxide, the results seem to indicate that
most of the enzymatic activity demonstrated in the present study represents membrane-
bound guanylyl cyclase activity.
                                   Introduction
    Taste cells transduce chemical information provided by taste substances into electrical signals,
which are then transmitted to the brain and eventually provoke the sense of taste. In this transduc-
ing process, taste cells appear to utilize diverse mechanisms, reflecting varied taste modalities such
as sweetness, saltiness, sourness or bitternessi-3). Among the mechanisms proposed is a receptor-
mediated release of second messengers.
   Since Kurihara and Koyama`) found high adenylyl cyclase activity in bovine fungiform and
circumvallate papillae, cyclic AMP has been proposed as a likely candidate for a second messenger
in vertebrate taste transduction`'-i3). Another possible candidate is cyclic GMP, although evidence
which indicates an involvement of this substance is less readily available compared to the case of
cyclic AMP'i,'`,'5}. Recently we have cytochemically demonstrated cyclic GMP-producing en-
zymatic activity, i. e. guanylyl cyclase activity, in the apical portion of rabbit taste bud cells and
supported the hypothesis of cyclic GMP involvement in vertebrate taste transductioni6•i7). The
present study was undertaken to clarify some of the characteristics of this enzymatic activity in
rabbit taste buds by examining the effects of some well-known activators of guanylyl cyclase.
(accepted for publication on October 11, 1994)
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Materials and Methods
   Foliate papillae of rabbits were used as a tissue material. The papillae were removed from male
white domestic rabbits (1.6-3.3 kg), immediately after they had been killed by an intravenous
injection of a fatal dose of sodium amobarbital (100-200 mg/kg body weight). After a brief rinse in
an ice-cold saline solution containing O.90/o NaCl and 5 mM HEPES, pH 7.2, the papillae were cut
into 1-2 mm thick pieces with fine scissors and fixed for 30 min on ice in 2% paraformaldehyde
+O.5% or O.1% glutaraldehyde in O.05 M sodium cacodylate buffer, pH 7.4, containing O.15 M NaCl.
Fixation using only paraformaldehyde was also attempted but abandoned since it resulted in
insufficient morphological preservation of the taste bud cells' microvilli. After rinsing for several
hours in ice-cold O.05 M cacodylate buffer containing O.15 M NaCl with at least seven changes of the
solution, the tissue was cut into 40 #m thick sections using a Microslicer DTK-1000 (Dosaka EM Co.
Ltd., Kyoto, Japan) or into O.1-O.2 mm thick sections with a thin razor blade and stored overnight
at OÅé in the same solution. AIthough in cytochemistry, adequate penetration of incubation mixture
components is assumed in tissue sections of up to 40 ptm thicknessi8), the use of either 40 "m or O.1
-O.2 mm thick sections gave a similar localization of guanylyl cyclase activity in the present study.
Hence, the tissue fixed with 2% paraformaldehyde and O.1% glutaraldehyde was usually cut into O.1
-O.2 mm thickness, since weak fixation did not easily allow making desirably thin sections.
   The incubation procedure was based on the strontium method, originally described by Ernst for
Na'/K'-ATPase cytochemistryi9). The tissue sections were preincubated for 10-30 min at room
temperature in a medium containing 80 mM Tris-HCI, pH9.1, O.11M NaCl, 5mM theophyiline
(cyclic nucleotide phosphodiesterase inhibitor20)), 2.5mM levamisole (nonspecific alkaline phos-
phatase inhibitor2i)), 10 mM SrC12. Incubation was then initiated by adding to this medium 1 or 2 mM
MnC12 and O.5 mM 5'-guanylylimidodiphosphate and warming the medium to 37Åé in a shaking
water bath. 5'-Guanylylimidodiphosphate was employed as substrate instead of GTP in order to
distinguish guanylyl cyclase activity from GTPase activity22). Incubation was continued for 30 min
at 37Åé. The following experiments were run for comparison: 1) incubation in the absence of
substrate, and 2) incubation with 1-10 mM concentration of either sodium azide, hydroxylamine or
sodium nitroprusside, all well-known guanylyl cyclase activators23). Guanylyl cyclase activators
were added at the preincubation step. The final pH of the above incubation media ranged from 8.7
-8.9.
   Incubated sections were cooled on ice to minimize further reaction and rinsed three times in 80
mM Tris-HCI buffer, pH 9.0, containing O.23M sucrose, then twice in 2% lead nitrate solution
containing O.23 M sucrose in order to convert precipitated strontium phosphate into lead phosphate
for better visualization in the electron microscope. Next, the sections were rinsed three times in O.30
M sucrose solution and twice in O.05 M cacodylate buffer, pH 7.4, containing O.25 M sucrose. Those
rinses were carried out at room temperature and each rinse period was 5-10 min. The sections were
then postfixed for 1 h on ice in 1% osmium tetroxide in O.05 M cacodylate buffer, pH 7.4, containing
O.23 M sucrose, dehydrated in graded series of ethanol and propylene oxide, and embedded in Epon
812. Ultrathin sections were cut on an LKB 2088 microtome and examined unstained in a JEOL
1200EX-II electron microscope operated at 80 kV.
   5'-Guanylylimidodiphosphate (sodium salt), theophylline, levamisole and sodium azide were
purchased from Sigma Chemical Co., St. Louis, MO, USA l paraformaldehyde, sodium cacodylate,
Tris (hydroxymethyl)-aminomethane, HEPES, lead nitrate and propylene oxide (all specially
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prepared reagent grade) from Nacalai Tesque, Inc., Kyoto, Japan ; glutaraldehyde, osmium tetrox-
ide and Epon 812 from TAAB Laboratories Equipment, Ltd., Reading, UK. AII other rnaterials were
of guaranteed reagent grade from Nacalai Tesque.
Results
    Electron-dense precipitate of the cytochemical reaction product of guanylyl cyclase activity
was exclusively observed in the apical portion of taste bud cells, i. e. above the tight junctions which
connected taste bud cells immediately beneath the taste pore (Figs.1 and 2). As was expected,
fixation using 2% paraformaldehyde +O.5% glutaraldehyde gave a better morphological preserva-
tion of the tissue than using 2% paraformaldehyde +O.1% glutaraldehyde, but both fixing solutions
gave a similar localization of the enzymatic activity (compare Fig. 1 and Fig. 2). Most of the
reaction product closely attached to the plasma'membrane of the cells.
    Sodium azide, hydroxylamine and sodium nitroprusside (all examined at the concentration 1-10
mM) appeared to enhance the reaction product to some extent but their effects were not clear in
many cases (Fig. Ib-d). Difference in the effects among the three chemicals was not clear. The
enhancing effects of these guanylyl cyclase activators seemed a little more apparent in the tissue
fixed with a milder fixative but still-was not very decisive (Fig. 2). Incubation without exogenous
substrate resulted in total absence of the reaction product (not shown).
                                      Discussion
    Guanylyl cyclase is known to exist in two different forms, i. e. cytosolic (soluble) and
membrane-bound forms. Most tissues contain both enzyme forms, although the relative amounts of
each form vary from tissue to tissue23-25). In the present study, sodium azide, hydroxylamine and
sodium nitroprusside, all well-known guanylyl cyclase activators, showed only slight, if any,
enhancement of the guanylyl cyclase activity in rabbit foliate taste bud cells. Those activators are
thought to activate guanylyl cyclase through the formation of nitric oxide23) and the target of nitric
oxide is thought to be soluble form of the enzyme2`'25). Therefore, it seems likely that, although some
of the enzymatic activity detected in the present study may be that of soluble enzyme, most of it
represents membrane-bound guanylyl cyclase activity. This idea is supported by the observation
that most of the reaction product closely attached to the plasma membrane. The idea also concurs
with our previous cytochemical observation that guanylyl cyclase activity in taste bud cells was
enhanced greatly by Triton X-100i'), which, in turn, increasingly activates membrane-bound
guanylyl cyclase but much less the soluble enzyme23}. It is not certain whether taste bud cells contain
only low soluble guanylyl cyclase activity in their physiological state or the activity was lost during
the tissue fixation and rinse. It is possible that the fixing process made the soluble enzyme less
responsive to the activators or harmed nitric oxide generating conditions in the tissue, since the
effects of the activators seemed a little more apparent in the tissue fixed using O.1% glutaraldehyde
than using O.5% glutaraldehyde.
    Guanylyl cyclase activity was exclusively localized in the apical portion of taste bud cells. This
supports the hypothesis of cyclic GMP involvement in vertebrate taste transduction, since the apical
portion of taste bud cells is a most likely site of interaction between taste stimuli and the cellsi•2).
The present study, as mentioned above, showed that taste bud cells contain membrane-bound
guanylyl cyclase. Since membrane-bound guanylyl cyclase may act as a cell surface receptor for
some peptides26'-28}, the enzyme may also serve as a receptor for some taste substances.
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The effects of guanylyl cyclase activators on the guanylyl cyclase activity in the apical portion of
rabbit foliate taste bud cells fixed with 20/o paraformaldehyde +O.50/o glutaraldehyde. The three
chemicals ernployed enhanced the enzymatic activity to a slight extent but their effects were not
always clear.
(a) Incubated in the absence of the activators. An electron-dense precipitate, which represents the
   cytochemical reaction product of guanylyl cyclase activity is exclusively seen in the portion
   above the tight junctions (arrows ; not easily visible in this unstained section). Note that most
   of the reaction product closely attaches to the plasma membrane.
(b) Incubated with 5mM sodium azide.
(c) Incubated with 5mM hydroxylamine.
(d) Incubated with 5 rnM sodium nitroprusside.
(a)-(d) Å~lo,ooo.
262 Asanuma and Nomura : Guanylyl Cyclase Cytochemistry in Taste Buds
Ng.2 : The effects of guanylyl cyclase activators on the guanylyl cyclase activity in the apical portion of
 rabbit foliate taste bud cells fixed with 20/o paraformaldehyde +O.10/o glutaraldehyde. The stimu-
 lating effects of the chemicals seem to be a little more apparent than in the tissue more strongly
 fixed.
 (a) Incubated in the absence of the activators.
 (b) Incubated with 1 mM sodium azide.
 (c) Incubated with 1mM hydroxylamine.
 (d) Incubated with 1 mM sodium nitroprusside.
 (a)-(d) Å~lo,ooo.
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